Abstract: This paper aims to study the characteristics of greenhouse gas (GHG) emissions from heavy-duty trucks in the Beijing-Tianjin-Hebei (BTH) region, which is located in Northern China. The multiyear emissions of GHG (CO 2 , CH 4 and N 2 O) from heavy-duty trucks fueled by diesel and natural gas during the period of 2006-2015 were compared and analyzed. The results show that the GHG emissions from heavy-duty trucks increase with time, which is consistent with the trend of the population growth. The total amount of carbon dioxide equivalence (CO 2 e) emissions in the BTH region was about 5.12 × 10 6 t in 2015. Among the three sub-regions, Hebei possesses the largest number of heavy-duty trucks due to the size of its heavy-duty industries. As a consequence, the GHG emissions are about 10 times compared to Beijing and Tianjin. Tractor trailers account for the major proportion of heavy-duty trucks and hence contribute to about 74% of GHG emissions. Diesel-and liquefied natural gas (LNG)-powered heavy-duty trucks can reduce GHG emissions more effectively under current national standard IV than can the previous standard. The widespread utilization of the alternative fuel of LNG to mitigate emissions must be accompanied with engine technology development in China. This study has provided new insight on management methods and the policy-making as regards trucks in terms of environmental demand.
Introduction
Worldwide population growth and industrialization have resulted in increasing demand for energy. As a result, air pollution and anthropogenic GHG emissions have become major global issues [1] [2] [3] [4] . In an effort to improve the environmental quality, the 21st session of the United Nations (UN) Climate Change Conference was held in Paris from 30 November to 11 December of 2015 [5, 6] . During this session, the participating countries made an agreement on carbon emission reduction. In China, these measures and regulations on carbon emission reduction were included in its 13th Five Year Plan.
With rapid economic growth, the population of motor vehicles in China has been expanding since the 1990s, from 5.5 million in 1990 to 264 million in 2014 [7] . This increase has posed substantial challenges to air quality, energy security, and public health [8, 9] . In order to minimize the impact of emissions from the transportation sector, consumers and manufacturers are seeking viable low-carbon
Methodology

Calculation Method
The GHG emissions were calculated based on the population of heavy-duty trucks using different fuels, different GHG emission factors, and the average annual mileage traveled in different areas, according to the following formula [29] :
(1)
where m represents the three areas (Beijing, Tianjin, and Hebei); n represents the pollutants considered in this study (CH 4 , CO 2 , and N 2 O); i represents the type of fuels, including natural gas and diesel, and j represents the types of heavy-duty trucks, which include tractor trailers, pickup trucks, special trucks, and dump trucks. EQ m,n represents the emissions (tons) of pollutant n in area m; P m,i is the population of heavy-duty trucks powered by fuel type i in area m; M i represents the average of annual mileage traveled (km) for type j trucks; EF i,n is the emission factor (g/km) of pollutant n emitted from heavy-duty trucks powered by fuel type i.
Population and Average Annual Mileage
The retirement coefficient and average annual travel mileage are very important parameters for heavy-duty trucks. Currently, there is no exact approach to estimate the value, so we need investigate the value from professional and empirical organizations or individuals. In this paper, data from the China Automotive Technology and Research Center, Beijing Operations, are used.
China Automotive Technology and Research Center, Beijing Operations, is an authoritative data research institute, and they publish the China Automobile Development Report every year. They obtained data from four companies that are the main producers of heavy-duty trucks in China-Shaanxi Automobile Group Co., Ltd. (Xi'an, China), Faw Jiefang Automotive Company (Changchun, China), Dong Feng Commercial Vehicle Company (Wuhan, China), and China National Heavy Duty Truck Group Co. (Ji'nan, China)-and they accounted for about 70% of the market share in 2015. The heavy-duty trucks are mainly divided into four types, according to their applications: tractor trailers, pickup trucks, special trucks, and dump trucks. The retirement coefficient and average annual travel mileage of heavy-duty trucks from these four companies for the different application types are listed in Table 1 . diesel, and j represents the types of heavy-duty trucks, which include tractor trailers, pickup trucks, special trucks, and dump trucks. EQm,n represents the emissions (tons) of pollutant n in area m; Pm,i is the population of heavy-duty trucks powered by fuel type i in area m; Mi represents the average of annual mileage traveled (km) for type j trucks; EFi,n is the emission factor (g/km) of pollutant n emitted from heavy-duty trucks powered by fuel type i.
China Automotive Technology and Research Center, Beijing Operations, is an authoritative data research institute, and they publish the China Automobile Development Report every year. They obtained data from four companies that are the main producers of heavy-duty trucks in China-Shaanxi Automobile Group Co., Ltd. (Xi'an, China), Faw Jiefang Automotive Company (Changchun, China), Dong Feng Commercial Vehicle Company (Wuhan, China), and China National Heavy Duty Truck Group Co. (Ji'nan, China)-and they accounted for about 70% of the market share in 2015. The heavy-duty trucks are mainly divided into four types, according to their applications: tractor trailers, pickup trucks, special trucks, and dump trucks. The retirement coefficient and average annual travel mileage of heavy-duty trucks from these four companies for the different application types are listed in Table 1 . Annual average kilometer（km） 150,000～200,000 ≥200,000 30,000～60,000 80,000～100,000
In this section, we calculated the population of heavy-duty trucks based on a vehicle fleet model [31] , which requires both estimates of the average retirement coefficient and new registration numbers. Detailed truck registration numbers of various types of trucks by calendar year in Beijing-Tianjin-Hebei were provided by the Vehicle Administration Region. Meanwhile, based on the principle of minimum displacement, the average annual travel mileage selects the minimum value in Table 1 .
The Emission Factor
Accurate motor vehicle emission factors are essential for estimating air pollutant emissions from the vehicles of a given country. In this paper, we use the normalization method to process the data from the survey and calculate using the COPERT IV model. The COPERT model was a European road transport emission inventory calculation model that is similar to the emission standard profile of China [31] [32] [33] . The emission factors of CO2, CH4, and N2O of heavy-duty vehicles powered by diesel and natural gas under different Chinese National standards of emission are listed in Table 2 .
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Atmosphere 2016, 7, 121 3 of 13 diesel, and j represents the types of heavy-duty trucks, which include tractor trailers, pickup trucks, special trucks, and dump trucks. EQm,n represents the emissions (tons) of pollutant n in area m; Pm,i is the population of heavy-duty trucks powered by fuel type i in area m; Mi represents the average of annual mileage traveled (km) for type j trucks; EFi,n is the emission factor (g/km) of pollutant n emitted from heavy-duty trucks powered by fuel type i.
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Dump
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Characteristics of usage
Fixed routes, good maintain etc.
Used by logistics company, high-frequency operation etc.
Short distance, use within city etc.
Short distance, emergency shutdown, harsh working condition etc.
Average retirement coefficient (year) 8 10 10 3
Annual average kilometer (km) 150,000~200,000 ≥200,000 30,000~60,000 80,000~100,000
In this section, we calculated the population of heavy-duty trucks based on a vehicle fleet model [30] , which requires both estimates of the average retirement coefficient and new registration numbers. Detailed truck registration numbers of various types of trucks by calendar year in Beijing-Tianjin-Hebei were provided by the Vehicle Administration Region. Meanwhile, based on the principle of minimum displacement, the average annual travel mileage selects the minimum value in Table 1 .
The Emission Factor
Accurate motor vehicle emission factors are essential for estimating air pollutant emissions from the vehicles of a given country. In this paper, we use the normalization method to process the data from the survey and calculate using the COPERT IV model. The COPERT model was a European road transport emission inventory calculation model that is similar to the emission standard profile of China [31] [32] [33] . The emission factors of CO 2 , CH 4 , and N 2 O of heavy-duty vehicles powered by diesel and natural gas under different Chinese National standards of emission are listed in Table 2 . Figure 1 shows the population of heavy-duty trucks in Beijing-Tianjin-Hebei from 2006 to 2015. It can be seen that the total heavy-duty trucks population increased for ten consecutive years and reached a record high level of 551,000 in 2015. The population of heavy-duty trucks in Beijing, Tianjin, and Hebei exhibits a similar increasing trend. Nevertheless, the population varies with different regions. In 2015, the population of heavy-duty trucks in Beijing, Tianjin, and Hebei were 57,000, 48,000 and 446,000, respectively. The population of heavy-duty trucks in Hebei province is much higher than that in the other two regions, being eight times greater than that of Beijing and nine times greater than that of Tianjin, accounting for 81% of the whole BTH region.
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Atmosphere 2016, 7, 121 4 of 13 Figure 1 shows the population of heavy-duty trucks in Beijing-Tianjin-Hebei from 2006 to 2015. It can be seen that the total heavy-duty trucks population increased for ten consecutive years and reached a record high level of 551,000 in 2015. The population of heavy-duty trucks in Beijing, Tianjin, and Hebei exhibits a similar increasing trend. Nevertheless, the population varies with different regions. In 2015, the population of heavy-duty trucks in Beijing, Tianjin, and Hebei were 57,000, 48,000 and 446,000, respectively. The population of heavy-duty trucks in Hebei province is much higher than that in the other two regions, being eight times greater than that of Beijing and nine times greater than that of Tianjin, accounting for 81% of the whole BTH region. Figure 2 shows the population proportion of heavy-duty trucks powered by different fuels in Beijing-Tianjin-Hebei from 2006 to 2015. The population of heavy-duty trucks powered by diesel is much larger than natural-gas-powered heavy-duty trucks. The percentage of natural-gas-powered heavy-duty trucks remained at a low level (less than 1%) until 2012. From 2013, this percentage increased to 3.1%, 5.0% and 5.1% in the years 2013, 2014, and 2015, respectively. The natural gas price is the major factor that affects the natural-gas-powered heavy-duty truck market development.
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natural-gas-powered heavy-duty trucks remained at a low level (less than 1%) until 2012. From 2013, this percentage increased to 3.1%, 5.0% and 5.1% in the years 2013, 2014, and 2015, respectively. The natural gas price is the major factor that affects the natural-gas-powered heavy-duty truck market development.
As can be seen in Figure 1 , the population of diesel-fueled heavy-duty trucks expanded from 30,000 to 523,000 from 2006 to 2015. Similarly, the natural-gas-fueled heavy-duty truck population exhibits a continuous increasing trend. The major expansion of the natural-gas-fueled truck population did not occur until 2011, but this population rapidly increased from 4400 in 2012 to 28,000 in 2015. respectively. Further, the growth rate was 45.4%, 158.7%, and 15.3%, respectively. The dump vehicle shows an opposite trend over the last 10 years. In 2015, the population of the four types of heavy-duty trucks was 320,000, 47,000, 151,000, and 33,000, respectively, an increase compared with 2006, which saw population values of 308,000, 46,000, 144,000, and 23,000, respectively. Tractor trailers account for most of the market share of heavy-duty trucks, which is responsible for the growth. As can be seen in Figure 1 , the population of diesel-fueled heavy-duty trucks expanded from 30,000 to 523,000 from 2006 to 2015. Similarly, the natural-gas-fueled heavy-duty truck population exhibits a continuous increasing trend. The major expansion of the natural-gas-fueled truck population did not occur until 2011, but this population rapidly increased from 4400 in 2012 to 28,000 in 2015. We found that the population of tractor trailers and pickup and special trucks presented a growth trend from 40.0%, 3.3%, and 24% in 2006 to 58.1%, 8.5%, and 27.3% in 2015, respectively. Further, the growth rate was 45.4%, 158.7%, and 15.3%, respectively. The dump vehicle shows an opposite trend over the last 10 years. In 2015, the population of the four types of heavy-duty trucks was 320,000, 47,000, 151,000, and 33,000, respectively, an increase compared with 2006, which saw population values of 308,000, 46,000, 144,000, and 23,000, respectively. Tractor trailers account for most of the market share of heavy-duty trucks, which is responsible for the growth.
Atmosphere Figure 2 shows the population proportion of heavy-duty trucks powered by different fuels in Beijing-Tianjin-Hebei from 2006 to 2015. The population of heavy-duty trucks powered by diesel is much larger than natural-gas-powered heavy-duty trucks. The percentage of natural-gas-powered heavy-duty trucks remained at a low level (less than 1%) until 2012. From 2013, this percentage increased to 3.1%, 5.0% and 5.1% in the years 2013, 2014, and 2015, respectively. The natural gas price is the major factor that affects the natural-gas-powered heavy-duty truck market development.
As can be seen in Figure 1 , the population of diesel-fueled heavy-duty trucks expanded from 30,000 to 523,000 from 2006 to 2015. Similarly, the natural-gas-fueled heavy-duty truck population exhibits a continuous increasing trend. The major expansion of the natural-gas-fueled truck population did not occur until 2011, but this population rapidly increased from 4400 in 2012 to 28,000 in 2015. We found that the population of tractor trailers and pickup and special trucks presented a growth trend from 40.0%, 3.3%, and 24% in 2006 to 58.1%, 8.5%, and 27.3% in 2015, respectively. Further, the growth rate was 45.4%, 158.7%, and 15.3%, respectively. The dump vehicle shows an opposite trend over the last 10 years. In 2015, the population of the four types of heavy-duty trucks was 320,000, 47,000, 151,000, and 33,000, respectively, an increase compared with 2006, which saw population values of 308,000, 46,000, 144,000, and 23,000, respectively. Tractor trailers account for most of the market share of heavy-duty trucks, which is responsible for the growth. Atmosphere 2016, 7, 121 6 of 13
GHG Emissions from Heavy-Duty Trucks
GHG Emissions from Heavy-Duty Trucks in Beijing
The emission trends of CO 2 e, CO 2 , CH 4 , and N 2 O in Beijing from 2006 to 2015 are shown in Figure 4 . The CO 2 e is a measurement unit used to compare different greenhouse gases. To report GHG emissions on a CO 2 e basis, the resultant emissions for each of the GHGs are multiplied by their individual GWP (global warming potentials) and added. Further, the global warming potentials (GWPs) of CH 4 and N 2 O are 25 and 298, respectively. A sharp increase can be observed between the years 2006 and 2011 (Figure 4a) . During the year 2012, emissions slightly decreased from 3.3 × 10 6 t to 3.1 × 10 6 t. However, they started to increase again after 2012, and the emission amount reached 3.8 × 10 6 t in the year 2015. The CO 2 emissions show a similar trend with CO 2 e, experiencing three stages of increase, decrease, and increase, reaching 3.8 × 10 6 t in the year 2015. As for the other two types of greenhouse gases, CH 4 and N 2 O, annual emissions are also depicted in Figure 4c ,d, respectively.
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GHG Emissions from Heavy-Duty Trucks in Beijing
The emission trends of CO₂e, CO₂, CH₄, and N₂O in Beijing from 2006 to 2015 are shown in Figure  4 . The CO₂e is a measurement unit used to compare different greenhouse gases. To report GHG emissions on a CO₂e basis, the resultant emissions for each of the GHGs are multiplied by their individual GWP (global warming potentials) and added. Further, the global warming potentials (GWPs) of CH₄ and N₂O are 25 and 298, respectively. A sharp increase can be observed between the years 2006 and 2011 (Figure 4a) . During the year 2012, emissions slightly decreased from 3.3 × 10 6 t to 3.1 × 10 6 t. However, they started to increase again after 2012, and the emission amount reached 3.8 × 10 6 t in the year 2015. The CO2 emissions show a similar trend with CO2e, experiencing three stages of increase, decrease, and increase, reaching 3.8 × 10 6 t in the year 2015. As for the other two types of greenhouse gases, CH4 and N2O, annual emissions are also depicted in Figure 4c ,d, respectively.
The data from Figure 4 indicate that the major contributor to GHG emissions could be CO2, and CH4 and N2O have little influence on the general emission trend of CO₂e. It is obvious that the emission reduction occurs for both CH4 and N2O from 2011 to 2012, followed by an increasing trend from 2012 to 2015. The reason for this phenomena is the implementation of the higher-level and strict emission standard, national standard IV, in 2012. Moreover, the GHG emissions increased again with the population of heavy-duty trucks from 2012 to 2015 under the current standard. 
GHG Emissions of Heavy-Duty Trucks in Tianjin
Different from the GHG emission trend in Beijing, a continuous increase of GHG emissions was observed in Tianjin. As show in Figure 5a , the emission amount of CO₂e from heavy-duty trucks The data from Figure 4 indicate that the major contributor to GHG emissions could be CO 2 , and CH 4 and N 2 O have little influence on the general emission trend of CO 2 e. It is obvious that the emission reduction occurs for both CH 4 and N 2 O from 2011 to 2012, followed by an increasing trend from 2012 to 2015. The reason for this phenomena is the implementation of the higher-level and strict emission standard, national standard IV, in 2012. Moreover, the GHG emissions increased again with the population of heavy-duty trucks from 2012 to 2015 under the current standard.
Different from the GHG emission trend in Beijing, a continuous increase of GHG emissions was observed in Tianjin. As show in Figure 5a , the emission amount of CO 2 e from heavy-duty trucks increases from 1.0 × 10 6 t to 3.8 × 10 6 t during the 2006-2015 period. The growth rate is about 37 times higher than that of the last decade. As a primary source for GHG emission, the emission of CO 2 also presents a similar increasing trend compared to that of CO 2 e. The emission amount increased from 1.0 × 10 6 t to 4.2 × 10 6 t from 2006 to 2015. From Figure 5c , it can be observed that the emission amount of CH 4 also exhibits a sharp increase with time, and the growth rate is about 80 times higher than that in the past ten years. There has been a dramatic increase in the emission of 
GHG Emissions of Heavy-Duty Trucks in Hebei
The emission trends of CO₂e, CO₂, CH₄, and N₂O from heavy-duty trucks in Hebei province are depicted in Figure 6 . It can be seen that the emission amount of CO₂e can be divided into two regimes: the fast growth period and the slow growth period. The emissions (CO2e) increased 11-fold, from 2.6 × 10 6 t in 2006 to 3.0 × 10 7 t in 2011. However, the emitted CO2e was up to 4.3 × 10 6 t in 2015, which is only 1.4 times the emissions of the previous year. The emission of CO₂ from the heavy-duty trucks in Hebei shows a similar trend to that of CO2e, and it also contributed more than 99% of total GHG emissions. Figure 6c shows the CH₄ emission amount from heavy-duty trucks in Hebei province, which increased from 4.1 × 10 5 t to 1.0 × 10 7 t from 2006 to 2015. Different from CO₂ and CH₄, the emission amounts of N₂O vary with time, and the annual average emission is about 2.28 × 10 5 t. 
The emission trends of CO 2 e, CO 2 , CH 4 , and N 2 O from heavy-duty trucks in Hebei province are depicted in Figure 6 . It can be seen that the emission amount of CO 2 e can be divided into two regimes: the fast growth period and the slow growth period. The emissions (CO 2 e) increased 11-fold, from 2.6 × 10 6 t in 2006 to 3.0 × 10 7 t in 2011. However, the emitted CO 2 e was up to 4.3 × 10 6 t in 2015, which is only 1.4 times the emissions of the previous year. The emission of CO 2 from the heavy-duty trucks in Hebei shows a similar trend to that of CO 2 e, and it also contributed more than 99% of total GHG emissions. Figure 6c shows the CH 4 emission amount from heavy-duty trucks in Hebei province, which increased from 4.1 × 10 5 t to 1.0 × 10 7 t from 2006 to 2015. Different from CO 2 and CH 4 , the emission amounts of N 2 O vary with time, and the annual average emission is about 2.28 × 10 5 t.
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CO₂e Emissions from Heavy-Duty Trucks in Different Regions
The CO₂e emission trends in three different regions are shown in Figure 7 . It can be observed that the total CO₂e emission amount in the BTH region was about 5.1 × 10 7 t in 2015. Hebei province has much higher GHG emissions than that of the other two regions. In the last five years, the CO₂e emission amount average 3.6 × 10 7 t in Hebei province, which is about 10 times higher than that in Beijing (3.4 × 10 6 t) and Tianjin (3.4 × 10 6 t). These results indicate that the major source of GHG emissions from heavy-duty trucks in the BTH region is in Hebei province, which is consistent with the population of heavy-duty trucks. 
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CO 2 e Emissions from Heavy-Duty Trucks in Different Regions
The CO 2 e emission trends in three different regions are shown in Figure 7 . It can be observed that the total CO 2 e emission amount in the BTH region was about 5.1 × 10 7 t in 2015. Hebei province has much higher GHG emissions than that of the other two regions. In the last five years, the CO 2 e emission amount average 3.6 × 10 7 t in Hebei province, which is about 10 times higher than that in Beijing (3.4 × 10 6 t) and Tianjin (3.4 × 10 6 t). These results indicate that the major source of GHG emissions from heavy-duty trucks in the BTH region is in Hebei province, which is consistent with the population of heavy-duty trucks. 
CO₂e Emissions from Heavy-Duty Trucks
CO₂e Emissions from Heavy-Duty Trucks in Different Regions
The CO₂e emission trends in three different regions are shown in Figure 7 . It can be observed that the total CO₂e emission amount in the BTH region was about 5.1 × 10 7 t in 2015. Hebei province has much higher GHG emissions than that of the other two regions. In the last five years, the CO₂e emission amount average 3.6 × 10 7 t in Hebei province, which is about 10 times higher than that in Beijing (3.4 × 10 6 t) and Tianjin (3.4 × 10 6 t). These results indicate that the major source of GHG emissions from heavy-duty trucks in the BTH region is in Hebei province, which is consistent with the population of heavy-duty trucks. The results of CO 2 e emissions from heavy-duty trucks under different emission standards in China (CNS) were calculated in terms of emission factors shown in Table 3 . Table 3 . Emission factors from heavy-duty trucks powered by diesel and natural gas under different emission standards in China (CNS). Figure 8 shows the CO 2 e emissions of heavy-duty trucks under different emission standards in the BTH region. Under the national policy of CNS II to CNS IV, the emission factors of GHG from heavy-duty trucks powered by diesel and natural gas decline. From Figure 8 , it can be observed that the CO 2 e emissions of heavy-duty trucks in the BTH region exhibits a significant increase from 2006 to 2011, and the difference is about 3.5 × 10 7 t. It should be noted that the heavy-duty trucks fueled by LNG have been implemented by CNS IV in 2011. Nevertheless, the LNG-fueled heavy-duty trucks took only a small proportion (<0.2%) among all heavy-duty trucks and therefore had no significant impact on the CO 2 e emission. By contrast, the diesel-fueled heavy-duty trucks took a major proportion among all heavy-duty trucks and have greatly significant CO 2 e emissions. All these results demonstrate that it is practical and effective for the government to raise heavy-duty truck emission standards and eliminate low emission standard heavy-duty trucks to achieve the goal of GHG emission reductions.
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CO₂e Emissions from Heavy-Duty Trucks under Different Emission Standards
The results of CO₂e emissions from heavy-duty trucks under different emission standards in China (CNS) were calculated in terms of emission factors shown in Table 3 . Table 3 . Emission factors from heavy-duty trucks powered by diesel and natural gas under different emission standards in China (CNS). Figure 8 shows the CO₂e emissions of heavy-duty trucks under different emission standards in the BTH region. Under the national policy of CNS II to CNS IV, the emission factors of GHG from heavy-duty trucks powered by diesel and natural gas decline. From Figure 8 , it can be observed that the CO2e emissions of heavy-duty trucks in the BTH region exhibits a significant increase from 2006 to 2011, and the difference is about 3.5 × 10 7 t. It should be noted that the heavy-duty trucks fueled by LNG have been implemented by CNS IV in 2011. Nevertheless, the LNG-fueled heavy-duty trucks took only a small proportion (<0.2%) among all heavy-duty trucks and therefore had no significant impact on the CO2e emission. By contrast, the diesel-fueled heavy-duty trucks took a major proportion among all heavy-duty trucks and have greatly significant CO₂e emissions. All these results demonstrate that it is practical and effective for the government to raise heavy-duty truck emission standards and eliminate low emission standard heavy-duty trucks to achieve the goal of GHG emission reductions. 3.3.3. CO 2 e Emissions from Heavy-Duty trucks Powered by Natural Gas Figure 9 illustrates the proportion of population, CO 2 , CH 4 , N 2 O, and CO 2 e emissions from heavy-duty trucks powered by natural gas in the BTH region. It was found that the CH 4 and N 2 O emissions presented a remarkable increase with the heavy-duty truck population.
Types of fuels Greenhouse gas CNS Ⅱ(g/km) CNS III (g/km) CNS IV (g/km)
technology, which leads to more exhaust methane emissions than does diesel. Additionally, the greenhouse effect of methane is 25 times more than carbon dioxide. Although carbon dioxide has been significantly reduced with alternative fuels such as LNG, the CO₂e emissions cannot correspondingly decline in terms of more methane emissions and its greenhouse effect. Therefore, we can conclude that the widespread utilization of the alternative fuel of LNG to mitigate emissions must be accompanied with engine technology development. 
CO₂e Emissions from Different Types of Heavy-Duty Trucks
The CO₂e emissions from the four types of heavy-duty trucks were compared in Figure 10 . It is evident that the CO₂e emissions from the four types of heavy-duty trucks present increasing trends with time. Particularly, the emissions from tractor trailers represent a great proportion of all CO₂e emissions-about 74% in the year 2015. In comparison, the CO₂e emissions from pickup trucks, special trucks and dump trucks only represents a proportion of 15%, 7%, and 4%, respectively. At the same time, CO 2 and CO 2 e emissions show similar trends with population. For example, the population proportion of natural-gas-powered heavy-duty trucks is 1.1% in 2012, 3.1% in 2013, 5.0% in 2014, and 5.1% in 2015, respectively. Correspondingly, the CO 2 e emission proportion in these years is 1.2%, 3.4%, 5.4%, and 5.5%, respectively.
We can deduce that the fuel of LNG does not completely combust with the current engine technology, which leads to more exhaust methane emissions than does diesel. Additionally, the greenhouse effect of methane is 25 times more than carbon dioxide. Although carbon dioxide has been significantly reduced with alternative fuels such as LNG, the CO 2 e emissions cannot correspondingly decline in terms of more methane emissions and its greenhouse effect. Therefore, we can conclude that the widespread utilization of the alternative fuel of LNG to mitigate emissions must be accompanied with engine technology development.
CO 2 e Emissions from Different Types of Heavy-Duty Trucks
The CO 2 e emissions from the four types of heavy-duty trucks were compared in Figure 10 . It is evident that the CO 2 e emissions from the four types of heavy-duty trucks present increasing trends with time. Particularly, the emissions from tractor trailers represent a great proportion of all CO 2 e emissions-about 74% in the year 2015. In comparison, the CO 2 e emissions from pickup trucks, special trucks and dump trucks only represents a proportion of 15%, 7%, and 4%, respectively.
Atmosphere 2016, 7, 121 10 of 13 3.3.3. CO₂e Emissions from Heavy-Duty trucks Powered by Natural Gas Figure 9 illustrates the proportion of population, CO₂, CH₄, N₂O, and CO₂e emissions from heavy-duty trucks powered by natural gas in the BTH region. It was found that the CH4 and N₂O emissions presented a remarkable increase with the heavy-duty truck population.
At the same time, CO₂ and CO2e emissions show similar trends with population. For example, the population proportion of natural-gas-powered heavy-duty trucks is 1.1% in 2012, 3.1% in 2013, 5.0% in 2014, and 5.1% in 2015, respectively. Correspondingly, the CO₂e emission proportion in these years is 1.2%, 3.4%, 5.4%, and 5.5%, respectively.
We can deduce that the fuel of LNG does not completely combust with the current engine technology, which leads to more exhaust methane emissions than does diesel. Additionally, the greenhouse effect of methane is 25 times more than carbon dioxide. Although carbon dioxide has been significantly reduced with alternative fuels such as LNG, the CO₂e emissions cannot correspondingly decline in terms of more methane emissions and its greenhouse effect. Therefore, we can conclude that the widespread utilization of the alternative fuel of LNG to mitigate emissions must be accompanied with engine technology development. Figure 9 . The proportion of population, CO₂, CH₄, N₂O, and CO₂e emissions from natural gas heavy-duty trucks in the BTH region.
CO₂e Emissions from Different Types of Heavy-Duty Trucks
The CO₂e emissions from the four types of heavy-duty trucks were compared in Figure 10 . It is evident that the CO₂e emissions from the four types of heavy-duty trucks present increasing trends with time. Particularly, the emissions from tractor trailers represent a great proportion of all CO₂e emissions-about 74% in the year 2015. In comparison, the CO₂e emissions from pickup trucks, special trucks and dump trucks only represents a proportion of 15%, 7%, and 4%, respectively. 
Uncertainty Analysis
The uncertainty analysis is needed because of different activity levels and emission factors for each species under each standard. The estimated average annual mileage is from a practical investigation of four companies that are together the main producers of heavy-duty trucks in China and set as constant. Emission factors are from the survey and calculation results are via the COPERT IV model. Therefore, we set them as variables.
There are three procedures for calculating the uncertainty of each emission species. At first, the probability density function of emission factor is obtained by Equations (2) 
where x is the probability value of emission factor, x is the value of the calculated emission factor, f is the probability of x, µ is the logarithmic mean of input information, and σ is the standard deviation of logarithmic x. In addition, a Monte Carlo simulation with a 95% confidence interval was carried out with the input of the probability density function of the emission factor [43] . At last, we output the probability density function of each emission species after 10,000 calculations. The results show that the relative error for the uncertainty of CO 2 emissions is −12.42%~12.71% with diesel and −51.37%~53.58% with LNG. The relative error for the uncertainty of CH 4 emissions is −8.75%~8.09% with diesel and −75.73%~74.55% with LNG. The relative error for the uncertainty of N 2 O emissions is −6.76%~6.96% with diesel and −10.16%~10.09% with LNG.
The relative errors with LNG are generally higher than with those with diesel because there are gaps between the values of the LNG emission factor from different sources. Moreover, the uncertainties of the CO 2 and CH 4 emissions with LNG are remarkable due to the difficulties of data acquisition. As long as accuracy increases for the CH 4 and CO 2 emission factor with LNG in the future, the results will become more reliable and credible.
Conclusions
In recent years, the BTH region has been seriously affected by air pollution, and there has been significant pressure to improve the urban environment quality and mitigate vehicle emission. In this study, the population as well as the GHG emission inventories from 2006 to 2015 in Beijing, Tianjin, and Hebei were estimated and analyzed.
It was found that the population of heavy-duty trucks in the BTH region increased for ten consecutive years, from 30,000 in 2006 to 551,000 in 2015. The population of heavy-duty trucks in Hebei province is much higher than the other two regions, which is eight times that of Beijing and nine times that of Tianjin. As a result, the GHG emissions in Hebei province is also about 10 times higher than that of Beijing and Tianjin. Among these GHG emissions, CO 2 emissions are the primary source.
The population of natural-gas-powered heavy-duty trucks exhibits a marked increase since 2012 in meeting global energy demand. The analysis of GHG emissions from diesel-and LNG-powered heavy-duty trucks under different emission standards demonstrates that the implementation of more and stringent emission standards can effectively reduce GHG emissions. Under the current national standard IV, the widespread utilization of the alternative fuel of LNG to mitigate emissions must be accompanied with engine technology development.
The population of tractor trailers, pickup trucks, and special trucks have risen every year since 2008 and reached 58.1%, 8.5%, and 27.3% in 2015, respectively. The emissions from tractor trailers represent the most significant proportion of total CO 2 e emissions, which is about 74%.
In general, this study provides quantitative and scientific support for the management of trucks and more effective strategies of emission control.
